This report presents a model-independent method of assessing contributions to the light scattering from individual organelles in single intact cells. We first measure the 3D index map of a living cell, and then modify the map in such a way so as to eliminate contrast due to a particular intracellular organelle. By calculating and comparing the light scattering distributions calculated from the original and modified index maps using the Rytov approximation, we extract the light scattering contribution from the particular organelle of interest. The relative contributions of the nucleus and nucleolus to the scattering of the entire cell are thus determined, and the applicability of the homogeneous spherical model to non-spherical and heterogeneous organelles in forward scattering is evaluated. 
Introduction
Light scattering spectroscopy has emerged as a valuable tool for cancer diagnosis over the past ten years. Morphological information, critical to disease diagnoses, has been extracted from both angle and wavelength-dependent light scattering distributions based on simplified cell models. Light scattered from the cellular structures provides information about the morphological changes accompanying early stage malignancy. The virtue of this technique lies in the ability to extract key morphological information such as size distributions of nucleus and submicron-sized particles with minimal data acquisition, mainly due to modelbased data analysis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . These studies have focused on the basic morphology and biochemistry of normal and cancerous cells [1-3, 6, 7, 9, 10, 12] , animal models of cancer development [5, 8] and human tissue studies in laboratory and clinical settings [1, 4, 11] . The validity of the extracted information, however, tends to be highly dependent on the accuracy of the cell/tissue scattering models, which typically pose constraints on the specimen under study. Hence, the sensitivity of the method for different models can hamper its usefulness for basic cell research and its clinical applications.
Light scattering is governed by the 3D distribution of the object's complex refractive index, i.e. its absorption coefficient and refractive index. Typical light scattering measurements take place in the angular plane, and either the angular distribution at a given wavelength or the spectral distribution at a fixed angle are utilized to extract morphological information of a specimen. Considering that the specimen is a 3D object and that measurements are typically performed in only 1D or 2D, the inverse problem is highly underdetermined. In order to determine the 3D complex refractive index distribution of an object, and hence its morphology, the complex E-field of scattered light must be measured at various illumination angles or at multiple wavelengths. However, when the scattering object is assumed to be spherical, the required amount of data to solve the inverse problem is greatly reduced. By fitting the light scattering distribution to Mie theory, which assumes spherical scatterers, the size of the object and its mean index contrast can be accurately determined. For example, in models designed to correlate light scattering with pre-cancer progression in cells, cell nuclei were assumed to be the dominant spherical scatters inside the cell with refractive index contrast n_nuclei/n_cytoplasm = 1.03-1.07 [1, 4, 8, 11] , from which the size distribution could be extracted from the light scattering distribution. However, the shapes of the organelles are far from spherical and their index distributions are heterogeneous. Thus, it would be highly informative to validate if the homogeneous spherical organelle model is a good approximation to more realistic organelles.
The conventional light scattering instruments have two major limitations in rigorous validation of cell models. First, most of the instruments have insufficient sensitivity to detect individual cells. Thus, light scattering from thousands of cells needs to be accumulated and statistical averaging is inevitable. Second, even when the scattering distributions of a single cell were measured, as demonstrated by some of the advanced light scattering instruments [13] [14] [15] which could eliminate the effect of statistical averaging, only the outermost dimension and an average index of the whole cell were characterized in most cases. The low dimensionality of the data (1D or 2D) requires extensive parametric modeling to solve the inverse scattering problem for the inner structure of the cell in either single cell experiments [16] or multi-cellular data analysis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Attempts have been made to isolate the scattering from the various cellular organelles by cell lysing and physical extraction of organelle suspensions [3, 6] . However, the equivalence of the structure of the organelles in suspension and in intact cells has not been shown, since the removal process is irreversible.
For a correct interpretation of the scattering, it is crucial to measure the 3D distribution of refractive index in single intact cells. In the recent studies, we implemented tomographic phase microscopy to obtain 3D refractive index distributions in single living cells from Efield measurements at multiple angles of illumination [17] , and exploited the connection between the refractive index map and the light scattering distribution of a whole cell based on the Born approximation [18] . In this paper, we extend the previous method in order to determine the light scattering contribution of individual organelles such as the cell nucleus and nucleolus by means of the Rytov approximation, which is more accurate than the Born approximation [19] . From the measured scattering of intracellular organelles, the validity of the model-based approaches is studied and the accuracy of light scattering spectroscopy is explored.
Tomographic phase microscopy: E-field based measurements
Using tomographic phase microscopy, we measured the refractive index tomogram of HT29 cells and human colonic adenocarcinoma cells [19] . A He-Ne laser with wavelength of 633 nm was used as an illumination source. Six hundred E-field images were recorded in less than 10 seconds at angles of illumination ranging from −65 to 65 degrees with respect to the optic axis. Optical diffraction tomography based on the Rytov approximation was applied with a constraint algorithm to solve the inverse problem. The lateral slice image of the reconstructed 3D index map, referred to as the tomogram, is presented in Fig. 1(a) . Three major sub-cellular organelles can be identified: the cytoplasm (1), the nucleolus (2), and nucleus excluding the nucleolus (3). The Rytov approximation is valid enough in imaging biological cells, and the detailed explanation on the approximation and its experimental validation were covered at length in our previous publication [19] . The accuracy of index measurement was as good as 0.001, and the pixel to pixel variation, or sensitivity of the measurement, was about 0.005.
Next, we implemented an algorithm to calculate angular light scattering,
for a given 3D distribution of refractive index, n(X, Y, Z), of an arbitrary object. We ignored the absorption coefficient, since absorption of the cell at visible wavelengths is negligible. The Rytov approximation was used along with the Fourier diffraction theorem [20, 21] , which states that the Fourier transform of the refractive index map has a linear relationship with the Fourier transform of the scattered field as follows.
Here,
The ^ denotes Fourier transform, λ 0 the wavelength of the source in free space, n m the index of medium, U(x,y) the measured complex E-field at a given illumination E-field of U (I) (x, y), respectively. (X,Y,Z) and (x,y,z) are the spatial coordinates in the specimen frame and in the laboratory frame, respectively. (K x , K y , K z ) and (k x , k y , k z ) are the conjugate spatial frequency coordinates to (X, Y, Z) and (x, y, z), respectively.
Since the wavelength of the source is conserved after the scattering, the spatial frequencies (k x , k y ) in 2-D scattering intensity distribution of 
Extraction of scattering distribution from individual organelles
In order to assess the contribution to the light scattering from individual organelles, we modified the originally measured 3D index distribution in such a way as to eliminate the contribution of a specific organelle of interest, and calculate the scattering from the modified 3D map. By subtracting the scattering map of the modified tomogram from that of the original tomogram, the contribution of the specific organelle can be determined. Note that this approach is valid within the Rytov approximation in which the change in incident field is assumed to be sufficiently small. We first extracted the scattering distribution of the nucleolus. The region associated with nucleolus (2) was replaced with refractive index values of the rest of the nucleus, drawn according to uniform distribution on a pixel-by-pixel basis ( Fig. 1(b) ). This procedure was repeated at every section of different heights in which the nucleolus border could be clearly determined, leading to generation of a new 3D tomogram in which the nucleolus is absent. The difference between scattering fields calculated from the original tomogram and the nucleolus-free tomogram using Eq. (1) thus provides the scattering distribution contributed solely by the nucleolus. Figure 1(e) shows the scattering distribution of nucleolus when the incident beam is parallel to the optic axis. Oscillations in angular distribution are much coarser than those of the whole cell, and the asymmetry of the light scattering distribution was as expected from the asymmetry of the shape. This is the first time to our knowledge that the light scattering of a single nucleolus in an intact living cell has been assessed.
A similar procedure was applied to assess the scattering of the nucleus. In the nucleolusfree tomogram (Fig. 1(b) ), there are three major compartments causing light scattering: cell boundary, particles in the cytoplasm and the nucleus. We eliminated the cell boundary and particles in the cytoplasm at every section by setting the index of the surrounding area of nucleus as the average index of cytoplasm ( Fig. 1(c) ). This modified tomogram contains only the scattering contribution of the nucleus. Using the Rytov approximation described in Eq.
(1), nuclear scattering was directly calculated from this modified tomogram (Fig. 1(f) ). The oscillations in angular distribution are finer than those of the nucleolus, as expected. As an alternative method, we modified the nuclear region by replacing the index by that of the cytoplasm, and took the difference of the scatterings between the two tomograms. The calculated nuclear scattering was almost the same as with the previous method.
Applicability of the spherical scatterer model for intracellular organelles of arbitrary shapes
As mentioned in the introduction, the spherical model of the nucleus has been used in interpreting cell scattering in studying pre-cancer diagnosis. The cell nucleus, however, is generally not spherical, and the internal index distribution is heterogeneous. We assessed the applicability of the spherical model for cell nucleus using refractive index tomograms of live cells. We took the same cell used in Fig. 1 for this analysis in which the nucleus is asymmetric and asymptotically elliptical with the ratio of the major-to-minor axes of 1.37 as shown in Fig. 2(a) . In conjunction with the structure, the calculated scattering of the nucleus exhibits asymmetry (Fig. 1(f) ). The angular scattering spectra are extracted along the major and minor axes of the nuclear section (solid black lines in Figs. 2(b)-(c) ).
Light scattering of a spherical particle can be analyzed by Mie theory, which provides an exact numerical solution to the scattering problem [22] . According to Mie theory, the scattering distribution is determined by the diameter of spherical particle and the relative refractive index contrast between the particle and the surrounding medium. Previously, the relative index m, which is the index ratio between the particle of interest and the medium, was not directly measured. Consequently, in studying scattering of biological tissue samples, both m and the size distribution of the particle were extracted from the data fitting to the theory [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In our study, the indices of the particle and the medium could be directly measured. This new feature allows us to extract the size distribution of the particle more precisely. We took the average refractive indices of the nucleus (n=1.374) and cytoplasm (n=1.380) from the original index tomogram of the cell. For this given index contrast, we fitted the angular scattering spectra taken along major and minor axes with Mie theory by varying the particle diameter in the range between 1 and 19 µm. Best fits could be attained when the diameters were 7.79 and 9.97 µm, respectively, whereas the corresponding lengths measured from the tomogram were 7.11 and 9.48 µm (Figs. 2(b)-(c) ). Therefore, the length of each individual axis in the nuclear tomogram's cross-section could be determined using Mie theory within 10% accuracy or better. The discrepancies between the calculated angular scattering spectra and Mie theory fit were largely due to the effect of heterogeneity of the inner structure in the nucleus. When the nuclear index distribution was made uniform as an average index of the nucleus (Fig. 2(d)) , the fit quality with Mie theory was greatly improved (Figs. 2(e)-(f)) whereas the fitted diameter became smaller, compare to the heterogeneous case, 7.41 and 9.05 µm, and even closer to the physical dimensions of the tomogram. A similar procedure was repeated with the nucleolus scattering analysis. The average refractive index of the nucleolus of 1.384, taken from original index tomogram, was used in the calculation, and the average index of the nucleolus-less nucleus of 1.374 also taken from the original tomogram. The diameters extracted from Mie theory fitting were 2.8 and 5.3 µm, while the respective lengths from the tomogram were 2.9 and 5.2 µm.
The result of this single cell study is directly applicable to the modeling of scattering from multi-cellular samples. Under the condition that cells scatter independently, Mie theory should be applicable to extracting a distribution of the organelle diameters for the specific detection axis. This extraction is possible as long as the signal from the organelles of interest is well separated from the rest of the scattering and the type of the organelles' size distribution in the measurement volume is determined.
Relative strength of scattering from various organelles
Finally, we studied the relative strengths of the scattering from the different organelles. In order to determine the morphology of the specific organelles such as nuclei from the light scattering measurement of the entire cell, the measurement must be sufficiently sensitive to account for baseline scattering from the whole cell.
The knowledge of the relative strengths of light scattering among various intracellular compartments can serve as an important criterion in designing light scattering spectroscopy systems. For this purpose, we compared scattering from three major categories: whole cell, entire intracellular particles and nucleus. The original tomogram (Fig. 3(a) ), the same tomogram with the index of the medium set to be the same as the average index of the cell (Fig. 3(b) ), and the nuclear tomogram (Fig. 3(c) ) were prepared for each of the three categories. Figure 3 (a) represents a cell in suspension, while Fig. 3(b) simulates an intact cell in cell monolayer or tissues, in which scattering at the cell boundary is attenuated. Angular scattering spectra were first calculated following Eq. (1) and then averaged azimuthally to sum up all the scattering signals ( Fig. 3(d) ). The angular scattering of the nucleus is about 2 orders of magnitude smaller than the scattering of the whole cell in the culture media. This agrees well with the expectation from the relative index contrast of the nucleus to the cytoplasm, about 0.996, and the relative index contrast of the cell to the medium of 1.021. Notably, the shape of the nuclear scattering spectrum (solid red in Fig.  3(d) ) does not exhibit obvious oscillatory features associated with the cross-sectional diameters of the nucleus observed in Figs. 3(b) -(c), which is due to the azimuthal averaging of the spectrum, equivalent to the averaging of the various cross-sectional diameters.
When nuclear scattering is compared to the scattering of the index-matched cells, nuclear scattering is about an order of magnitude weaker, which means that the scattering from intracellular particles outweighs the scattering from the nucleus. The scattering of the nucleolus was about an order of magnitude weaker than the scattering of the nucleus (Fig. 1 .e vs. Figure 1.f) .
In conventional light scattering, the nuclear index was estimated between 1.39 and 1.46, providing on index contrast of 1.04 to 1.07 [1, 7, 10] , which is relatively higher than our measurements. One possibility is that the nuclear index may depend on the type of cells and the conditions of cell culture such as population of cells. But index contrast was determined in conventional light scattering studies from the fitting of the scattering data with spherical model of nuclei or shell model of nucleus inside the cell. The assumption of the cell size distribution had to be made to take the statistical considerations on the cell shapes, which can degrade the accuracy of the fitting. On the other hand, the approach presented here is deterministic and model-independent such that our estimation on the relative strengths of intracellular organelles has superior accuracy to the conventional light scattering approach. Given the results of this single cell study, the models in which nuclei have significant contribution to the scattering may need to be re-evaluated. We note that previous studies based on the phase microscopy also provide further supporting evidence on weak index contrast of nucleus. From simultaneous detection of phase shift and cell height using phase microscopy and confocal microscopy, respectively, the index of nucleus was found to be almost the same as that of the cytoplasm [23] . Ross et al. and Barer et al. developed methods of measuring indices of cytoplasm and nucleus using phase contrast microscopy and interferometric microscopy, and reported that their indices are almost the same [24, 25] . Using the same method, Brunsting et al. measured the indices of cytoplasm and nucleus of Chinese hamster ovary cells to be 1.3703 and 1.392, respectively [12] , giving the relative refractive index contrast of 1.016.
Summary
In summary, we have demonstrated a method for determining scattering spectra of any subcellular organelles in the intact cells, given that the organelles have clearly defined borders. The validity of the spherical cell model for the non-spherical shape of organelles was confirmed in single cells. The nuclear contribution to the scattering was estimated based on the direct measurement of the refractive index inside single cells. The value of nuclear index and, consequently, scattering was lower than the one obtained with indirect modeling of the cell scattering, and raises the issue of the validity of the models. In the future work, we will extend the single cell results to the study of diagnostically relevant angles around exact backscattering with the use of the conventional light scattering spectroscopy.
